In resprouting species, fire-induced topkill causes a reduction in height and leaf area without a comparable reduction in the size of the root system, which should lead to an increase in the efficiency of water transport after fire. However, large plants undergo a greater relative reduction in size, compared with small plants, so we hypothesized that this enhancement in hydraulic efficiency would be greatest among large growth forms. In the ecotone between long-leaf pine (Pinus palustris Mill.) savannas and wetlands, we measured stomatal conductance (g s ), mid-day leaf water potential (Ψ leaf ), leaf-specific whole-plant hydraulic conductance (K L.p ), leaf area and height of 10 species covering a range of growth forms in burned and unburned sites. As predicted, K L.p was higher in post-fire resprouts than in unburned plants, and the post-fire increase in K L.p was positively related to plant size. Specifically, large-statured species tended to undergo the greatest relative reductions in leaf area and height, and correspondingly experienced the greatest increases in K L.p . The post-fire increase in K L.p was smaller than expected, however, due to a decrease in absolute root hydraulic conductance (i.e., not scaled to leaf area). The higher K L.p in burned sites was manifested as an increase in g s rather than an increase in Ψ leaf . Post-fire increases in g s should promote high rates of photosynthesis for recovery of carbohydrate reserves and aboveground biomass, which is particularly important for large-statured species that require more time to recover their pre-fire size.
Introduction
In fire-prone ecosystems, many plant species, including herbaceous perennials, shrubs and trees, have the capacity to resprout after complete loss of aboveground biomass (i.e., topkill) (Menges and Kohfeldt 1995 , Pausas et al. 2004 , Keeley et al. 2006 , Clarke et al. 2013 . In the first year of resprouting, it is advantageous to maintain a high rate of photosynthesis (Kruger and Reich 1997 , Fleck et al. 1998 , Clemente et al. 2005 , Capogna et al. 2009 , Goorman et al. 2011 to support rapid aboveground growth and replenishment of belowground carbohydrate reserves. Maintaining a high rate of photosynthesis depends upon an ample supply of water to leaves (Buckley 2005) , so any changes in the hydraulic architecture could have important consequences for post-fire recovery.
Fire can kill all aboveground biomass while causing little damage to root systems because soil temperatures seldom exceed 60 °C at 2-cm depth (Ewel et al. 1981 , Brooks 2002 ). Consequently, fire should have little direct influence on plant access to soil water. The reduction in whole-plant leaf area after fire (e.g., Schutz et al. 2009 ), without a comparable reduction in the size of the root system, should result in an increase in leaf-specific whole-plant hydraulic conductance Research paper (K L.p ) (Kruger and Reich 1993) . This effect should be reinforced by the shorter transport distance in resprouts since hydraulic conductance tends to be negatively correlated with stem height (Ryan et al. 2000 , Mencuccini 2003 , Ryan et al. 2006 . Other changes in the hydraulics of resprouts relative to unburned stems, such as reduced embolism, changes in the ratio of sapwood area to leaf area (Utsumi et al. 2010) or increased sapwood-specific conductivity (Fang et al. 2013) , may also contribute to an increase in K L.p after fire.
Post-fire enhancements in hydraulic efficiency caused by reduction in size (i.e., leaf area and height) of the aboveground stem are particularly noteworthy because their effects should vary predictably across growth forms. Although resprout height is positively correlated with pre-fire stem height (Kennedy and Horn 2008, Dacy and Fulbright 2009) , small plants tend to recover their pre-burn size more quickly than large plants Solbrig 2003, Grady and Hoffmann 2012) . Small-statured species should therefore experience less of an increase in K L.p after fire.
The predicted increase in K L.p after fire is based on the assumption that fire does not affect absolute root hydraulic conductance (K r ; i.e., not scaled to leaf area). This assumption may not be realistic, however, even if fire does not damage the root system directly. Root hydraulic conductance is affected by multiple factors including xylem development (Vercambre et al. 2002) , plant hormones (Mahdieh and Mostajeran 2009) , nutrient availability (Trubat et al. 2012 ) and mycorrhizal colonization (Gonzalez-Dugo 2010). Furthermore, loss of aboveground biomass may reduce the production of fine roots (Swezy and Agee 1991, Smirnova et al. 2008) , thereby reducing absolute conductance of the root system. Consequently, the realized increase in K L.p may be smaller than expected.
If an increase in K L.p does occur, it can be manifested as an increase in stomatal conductance, an increase in leaf water potential or both. In fact, both stomatal conductance and leaf water potential are often higher in resprouts than in unburned stems (DeSouza et al. 1986 , Hodgkinson 1992 , Busch and Smith 1993 , Castell et al. 1994 , McCarron and Knapp 2003 , Utsumi et al. 2010 ). An increase in leaf water potential can be beneficial in ecosystems where there is substantial risk of hydraulic failure (Utsumi et al. 2010 ), but where this risk is low, an increase in stomatal conductance may be more beneficial. The post-fire benefits of increased hydraulic conductance should therefore be best realized by an isohydric response (i.e., a constant water potential combined with an increase in stomatal conductance) in ecosystems with hydric soils.
We studied the effect of fire on water relations of 10 common species, including trees, shrubs and herbaceous perennials, in the ecotone between long-leaf pine (Pinus palustris Mill.) savannas and pocosins (i.e., wetlands). We predicted that resprouts would have higher K L.p than unburned plants, and we examined whether an increase in K L.p is manifested primarily as an increase in stomatal conductance or an increase in leaf water potential. We hypothesized that post-fire increases in K L.p would be greatest among larger growth forms due to a greater relative reduction in leaf area and/or height. To test the assumption that root conductance is unaffected by burning, we partitioned K L.p between the soil-to-root and root-to-leaf pathways.
Materials and methods

Study site
This research was conducted at Fort Bragg (35.139°N, 78.999°W), which is mainly located in Cumberland and Hoke counties in the Sandhills region of North Carolina, USA. Our research was focused in the ecotone between the upland longleaf pine savannas and the lowland stream-head pocosins where seepage water supports species from both plant communities (Sorrie et al. 2006) . Upland communities in the long-leaf pine ecosystems historically had a mean fire return interval of ~2 years (Stambaugh et al. 2011) , while the type of pocosins in our study sites may have burned every 7-50 years (Frost 1995) . At Fort Bragg, prescribed fire is currently applied within 1000 discrete landscape units, such that each unit burns approximately every 3 years. Over 2 years (2011 and 2012), we selected sites that occupied a band of perennially wet, but not saturated, soils within the more variable moisture gradient found across the ecotone.
In 2011, we selected 13 sites; six were assigned to a burn treatment and seven were not (hereafter referred to as 'burned' and 'unburned' sites, respectively). Prior to this study, all sites were last burned in 2008. The sites assigned to the burn treatment were burned again between 8 April and 1 July 2011, ~3 to 4 months prior to data collection, while the sites assigned to the unburned treatment were not burned again. In each site, we selected up to eight individuals, when present, of each of our 10 focal species: the trees Acer rubrum L., Oxydendrum arboreum (L.) DC. and Persea palustris (Raf.) Sarg., the shrubs Clethra alnifolia L., Gaylussacia frondosa (L.) Torr. & A. Gray ex Torr., Ilex glabra (L.) A. Gray and Lyonia lucida (Lam.) K. Koch, the bamboo Arundinaria tecta (Walter) Muhl., and the dicot herbs Eupatorium rotundifolium L. and Rhexia alifanus Walter (Table 1; hereafter, species will be referred to by genus).
In 2012, we selected eight sites that had been burned 2-3 years previously. Of these, four were burned again between 16 and 27 June 2012, ~3 months prior to data collection, while the remaining sites were not burned again. We focused on our two tallest species, Oxydendrum and Acer. The two species did not co-occur in the same sites, so four sites (two burned and two unburned) were used for each species, with sample sizes ranging from five to 15 individuals per site.
Study sites varied in size from 100 to 400 m 2 depending on the area required to find each species. In both years, we selected individuals to represent the full range of stem heights present at a site. Furthermore, in the burn treatment, stems Enhanced water relations of resprouts 405 of the studied individuals were killed by fire, so all post-fire measurements were performed on basal resprouts. In both years, measurements were made 3-4 months after fire, when resprouts have typically reached their maximum size for the first post-fire growing season.
Field measurements
In 2011, prescribed burns occurred in early spring (8, 20 and 26 April) and summer (28 June and 1 July). Thus, we performed post-burn measurements during two intervals (1-18 August and 30 September-4 October, for the spring and summer burns, respectively) to ensure that resprouts were of similar age. Each unburned site was paired with a burned site such that measurements in the two sites were made on consecutive days. In one case, a burned site was paired with two unburned sites because some study species were absent. We limited measurements to sunny days, so measurement dates ultimately ranged from 94 to 118 days after fire.
We measured stomatal conductance (g s ) and mid-day leaf water potential (Ψ leaf ) of at least one well-illuminated leaf from the upper portion of the tallest stem of each individual. Stomatal conductance was measured with an AP4 porometer (Delta-T Devices Ltd, Cambridge, UK), which was calibrated before measurements and set with the chamber humidity at ambient values. Immediately after measuring stomatal conductance, we removed the leaf and measured water potential in the field using a pressure chamber (3000 Series, Soilmoisture Equipment Corp., Santa Barbara, CA, USA). In most cases, we measured one leaf per individual. When multiple measurements (two to four leaves for g s and two leaves for Ψ leaf ) were performed on a single individual, these were averaged to obtain a single value for each individual for all subsequent analyses. Stomatal conductance and water potential measurements were made within 2 h of solar noon, when stored water should have been transpired and steady-state conditions are expected (Nardini et al. 2003 , Scholz et al. 2007 ). For multi-stemmed individuals, measurements were made on the tallest stem, and for all individuals, we measured the height of the sampled stem. We concurrently measured the relative humidity and temperature with an LI-1400-104 sensor (LI-COR, Lincoln, NE, USA) and wind speed with a cup anemometer (Vortex, Inspeed, LLC, Sudbury, MA, USA) installed at a height of 1 m.
In 2012, we collected additional data on Oxydendrum and Acer to partition the change in hydraulic conductance into aboveground and belowground components. We measured g s and Ψ leaf as described above, except that we measured stomatal conductance on four to seven leaves per individual. In addition, for multistemmed individuals, we determined xylem water potential at the root crown. On each plant with multiple stems, we covered and sealed one small stem within a moist opaque plastic bag for 24 h, to inhibit transpiration and allow leaf water potential to equilibrate with the adjacent xylem (Richter 1997) , and then measured Ψ leaf of one leaf from the covered stem. We conducted field measurements in early autumn (20-27 September 2012), and each burned site was paired with an unburned site such that measurements in both sites were made on the same day. As in 2011, we limited measurements to sunny days, so measurement dates ultimately ranged from 92 to 96 days after fire.
Leaf-specific whole-plant hydraulic conductance
We calculated leaf-specific whole-plant hydraulic conductance (K L.p ; also denoted as G t ) as:
where Ψ soil is soil water potential, Ψ leaf is mid-day leaf water potential and E is the mid-day transpiration rate per unit leaf (17) 50 (6) 46 (7) area. Typically, E is estimated from measurements of sap flow and total plant leaf area (Bucci et al. 2005 , Scholz et al. 2007 , Gotsch et al. 2010 ), but instead, we determined E as:
where D is leaf-to-air vapor pressure deficit (VPD), P atm is standard atmospheric pressure and g w is leaf conductance to water vapor (Jarvis and McNaughton 1986) . Leaf-to-air VPD (VP sat − VP air ) was calculated from measurements of relative humidity, air temperature and leaf temperature, and g w was calculated following Nobel (1999) as:
where g s is stomatal conductance and g bl is boundary layer conductance. We calculated g bl as D wv /δ bl (Nobel 1999) , where D wv is the diffusion coefficient of water vapor in the air at the ambient temperature and δ bl is the boundary layer thickness (in mm). We determined the average leaf width for each species and calculated δ bl as 4.0 × l v / ( ), where l is the mean leaf width (in m) and v is the ambient wind speed (in m s −1 ) within the vegetation.
To ensure that Ψ soil is effectively zero, we chose study sites at wetland ecotones where soils are maintained perennial wet by seepage water (Sorrie et al. 2006) . The soils were visibly wet when measurements were performed, and similar ecotones at Fort Bragg with monitoring wells revealed water tables consistently <1 m from the soil surface. Thus, we assumed Ψ soil = 0 for all species. To confirm this assumption, we measured predawn leaf water potential (Ψ pre-dawn ), a proxy of Ψ soil (Richter 1997) , of all species (on 5 and 19 August 2011). There was no difference in Ψ pre-dawn between burned and unburned sites (Mann-Whitney U = 147.5, P = 0.780). Mean Ψ pre-dawn did not differ among species (Kruskal-Wallis χ 2 = 12.03, df = 9, P = 0.212) and ranged from −0.4 to −0.03 MPa (n = 1-5 individuals per species). Measurements of Ψ pre-dawn may not adequately reflect Ψ soil due to disequilibrium between plant and soil water potential (Donovan et al. 2001 , 2003 , Bucci et al. 2004 ). The magnitude of our measured Ψ pre-dawn values could reflect a pre-dawn disequilibrium (Donovan et al. 2003 , Bucci et al. 2004 ) and an underestimation of Ψ soil . Although the assumption that Ψ soil = 0 for all species may have introduced a small error, such errors would not explain interspecific differences.
Our method of calculating K L.p eliminates the need to estimate whole-plant leaf area and whole-plant transpiration using sap flow, but introduces several sources of error. Estimates of VPD were based on leaf temperatures measured in the porometer cuvette, which can increase during conductance measurements (McDermitt 1990) . Our measurements of wind speed outside the plant crown did not account for attenuation of wind speed within in the crown, which causes a decline in g bl ; over the range of conditions in our study, a 50% decline in wind speeds, however, corresponds to a decrease in g w of only 10%, on average. In addition, our method is subject to greater error due to within-crown variation in transpiration. Although our method has several limitations, they are offset by a greater ease of measurement which allows for much larger sample sizes than are feasible with the traditional approach. In the current study, for example, we estimated K L.p on >400 individual plants.
In 2012, we measured K L.p , as described above, for all individuals. In addition, for multi-stemmed individuals, we partitioned K L.p into soil-to-root and root-to-leaf conductance (hereafter referred to as root and shoot conductance, respectively) based on an Ohm's-law analogy of water transport (Nardini et al. 2003) . We quantified leaf-specific root conductance (K L.r ) as:
where Ψ root is the water potential of the root crown, as determined from Ψ leaf of the covered stem and E is estimated using Eq. (2). Covering stems with a moist opaque bag for ~24 h prior to measurements allowed Ψ leaf of the covered stem to equilibrate with the adjacent root crown xylem (Richter 1997 , Nardini et al. 2003 , Domec et al. 2006 . As in 2011, we assumed Ψ soil = 0. We quantified leaf-specific shoot conductance (K L.s ) as:
where Ψ leaf is the water potential of the leaf from the uncovered stem of the same plant and E is estimated using Eq. (2). To test whether fire affects absolute hydraulic conductance, we determined absolute root (K r ) and shoot (K s ) hydraulic conductance (mmol s −1 MPa −1 ) by multiplying K L.r and K L.s , respectively, by leaf area of the uncovered stem. Root and shoot resistances were calculated as the reciprocal of K L.r and K L.s , respectively.
Leaf area
For stems on which we measured stomatal conductance and mid-day leaf water potential, we used allometric equations (see Table S1 available as Supplementary Data at Tree Physiology Online) to estimate leaf area from measurements of stem height. As mentioned above, for multi-stemmed individuals in burned and unburned sites, these measurements were made on the tallest stem. To develop allometric equations, we selected stems of variable heights of each species and measured stem height and harvested all leaves. Leaf area was determined with a CI-202 portable laser leaf area meter (CID
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Bio-Science, Inc., Camas, WA, USA). For each species, separate equations were fitted for burned (2-4 months after fire; 8-32 stems per species) and unburned sites (>1 year after fire; 11-29 stems per species).
Statistical analyses
For the 2011 data, for all species together, we fit linear-mixed models with fire (burned vs unburned) and date (late summer vs early autumn) as fixed effects and species and site nested within fire by date as random effects to determine the effect of fire on K L.p , g s and Ψ leaf . The fire by date and species by fire interactions were also included in the models. For individual species, we fit models with fire and date as fixed effects, the fire by date interaction and site nested within fire by date as a random effect to assess the effect of fire on K L.p , g s and Ψ leaf within a species. The herbaceous species Rhexia and Eupatorium were only present in sites sampled in late summer, so the date factor was not included in the model used for these species. When necessary, K L.p and g s were log-transformed to meet the assumption of normality. Models were fit using the standard least-squares expected means squares method in JMP Pro 9 (SAS Institute, Inc., Cary, NC, USA).
For the 2011 data, we estimated the best fit relationship between unburned leaf area and resprout leaf area and percent reduction in leaf area across all species. We estimated the best fit relationship between unburned stem height and resprout stem height and percent reduction in height across all species and woody species only. Percent reduction in size was calculated as the difference in unburned and resprout size (i.e., leaf area or height) divided by unburned size. We used linear regression to analyze the relationships between the relative difference in K L.p (between resprouts and unburned stems) and mean unburned leaf area, mean unburned plant height, percent reduction in leaf area across all species, and percent reduction in height across all species and woody species only. The relative difference in K L.p was calculated as the difference in burned and unburned K L.p divided by unburned K L.p . These analyses were conducted in SPSS version 19.0 (IBM Corporation, Armonk, NY, USA).
For the 2012 data, we used independent sample t-tests to compare K L.p , g s , Ψ leaf , K L.r , K r , K L.s and K s between resprouts and unburned stems separately for Oxydendrum and Acer. To meet the assumption of normality, g s was log-transformed for Oxydendrum and K L.p , K L.r , K r , K L.s and K s were logtransformed for both species. Analyses were conducted in SPSS version 19.0.
Results
Overall, in 2011, leaf-specific whole-plant hydraulic conductance (K L.p ) was 56% higher for resprouts than for unburned stems (F 1,9.5 = 11.07, P = 0.008). Among species, there were large differences in the response of K L.p to fire; when comparing burned and unburned individuals within species, K L.p was significantly (P < 0.05) higher in resprouts than in unburned stems of Acer and Clethra and marginally higher (P < 0.10) in resprouts than in unburned stems of Lyonia, Gaylussacia, Arundinaria and Eupatorium (Figure 1a) . No species exhibited a decline in K L.p . Higher K L.p in recently burned plants was manifested as higher g s (F 1,11.9 = 9.23, P = 0.010) rather than higher Ψ leaf (F 1,11.1 = 1.15, P = 0.306; see Table S2 available as Supplementary Data at Tree Physiology Online). When tested within species, g s of Oxydendrum, Acer, Clethra and Arundinaria (Figure 1b) was significantly higher in burned than in unburned sites, while no species had significantly higher Ψ leaf in burned sites (see Table S3 available as Supplementary Data at Tree Physiology Online). In fact, one species, Lyonia, exhibited marginally lower (P < 0.10) Ψ leaf in burned sites (Figure 1c) .
In 2012, K L.p was 56 and 69% higher for resprouts than for unburned stems of Oxydendrum (t = 4.14, df = 30, P < 0.001) and Acer (t = 6.56, df = 24.7, P < 0.001), respectively ( Figure 1d ). As in 2011, higher K L.p in resprouts was manifested as higher g s (Figure 1e ) for both Oxydendrum (t = 4.47, df = 30, P < 0.001) and Acer (t = 8.61, df = 22.9, P < 0.001). There was no difference in Ψ leaf between burned and unburned stems of Oxydendrum (t = −0.44, df = 30, P = 0.667) or Acer (t = 0.87, df = 30, P = 0.389; Figure 1f ) in 2012.
For Oxydendrum, K L.r was higher in resprouts than in unburned stems (t = −2.30, df = 19, P = 0.033), while K L.s was similar between resprouts and unburned stems (t = −0.51, df = 19, P = 0.616; Figure 2a ). When root and shoot conductance were not scaled to leaf area, both K r (t = 3.58, df = 19, P = 0.002) and K s (t = 3.15, df = 19, P = 0.005) were lower in resprouts than in unburned stems (Figure 2b ). For Acer, K L.r was higher in resprouts than in unburned stems (t = −9.28, df = 15.86, P < 0.001), while K L.s was not significantly affected by fire (t = −1.31, df = 17, P = 0.208; Figure 2c ). When root and shoot conductance were not scaled to leaf area, K r (t = 2.76, df = 17, P = 0.013) and K s (t = 2.97, df = 17, P = 0.009) were lower in resprouts than in unburned stems (Figure 2d) .
Across all species, leaf area of resprouts (3-4 months old) was positively correlated with leaf area of unburned stems measured at the same time (Figure 3a) . Among woody plants, resprout height was positively correlated with unburned stem height, but the relationship was only marginally significant (P = 0.054) when herbaceous species were included (Figure 3b) . When comparing different burned and unburned individuals, we found that large growth forms tended to exhibit greater reductions in leaf area and height than small growth forms. The percent reduction in leaf area was positively correlated with unburned leaf area across all species (Figure 3c) . Among woody plants, the percent reduction in stem height was positively correlated with unburned stem height, but the relationship was only marginally significant (P = 0.061) when herbaceous species were included (Figure 3d ).
Larger growth forms also tended to exhibit a greater relative increase in K L.p in response to burning, compared with smaller species, when comparing different burned and unburned individuals. The percent increase in K L.p in resprouts, relative to unburned stems, was positively correlated with mean unburned leaf area (Figure 4a ) and unburned stem height (Figure 4b ). The increase in K L.p was not related to the percent reduction in leaf area across all species (Figure 4c) . The percent increase in K L.p was positively correlated with the percent reduction in stem height across woody species (P = 0.066), but this relationship was not significant when herbaceous species were included (Figure 4d ).
Discussion
Overall, fire significantly enhanced plant water relations in our study system. As predicted, leaf-specific whole-plant hydraulic conductance (K L.p ) was substantially higher for resprouts than for unburned plants (Figure 1) , as was observed by Kruger and Reich (1993) . Within species, K L.p was 8-178% higher in resprouts than in unburned stems (Figure 4) .
Greater hydraulic efficiency in plants in burned sites can be most easily explained by the lower leaf area of resprouts compared with unburned plants. The prescribed fires in burned sites killed all aboveground biomass of the study plants such that all leaf area present after fire was the product of Enhanced water relations of resprouts 409 Figure 1 . Mean (+s.e.) leaf-specific whole-plant hydraulic conductance (K L.p ; a and d), stomatal conductance (g s ; b and e) and mid-day leaf water potential (Ψ leaf ; c and f) of study species in burned and unburned sites in 2011 (a-c) and 2012 (d-f). Overall mean (±s.e.) pre-dawn water potentials (Ψ pre-dawn ; measured in 2011) are shown for reference; no values are shown for Rhexia and Eupatorium because only a single measurement was made for these species. Significant differences between unburned stems and resprouts, determined from species-specific models, are indicated by *P < 0.10, **P < 0.05, ***P < 0.005.
resprouting. Thus, following fire, the root system of each plant supplied water to a greatly reduced leaf area, and consequently, K L.r was higher in resprouts than in unburned stems (Figure 2 ). Higher K L.r in resprouts likely contributed overwhelmingly to greater hydraulic efficiency of the whole plant because roots accounted for >80% of the total hydraulic resistance in both species for which this was quantified.
The strong influence of leaf area on post-fire water relations is important for understanding differences across growth forms. In relative terms, large growth forms underwent a greater net reduction in leaf area (Figure 3c ) and, correspondingly, a greater increase in K L.p compared with small growth forms (Figure 4a) . The difference in K L.p between resprouts and unburned stems, however, was not correlated with the decline in leaf area (Figure 4c ). This discrepancy might result from species-specific adjustments to absolute root conductance (K r ).
Although root conductance per unit leaf area (K L.r ) increased after fire, when it was not scaled to leaf area, root conductance (K r ) declined after fire. Thus, the increase in K L.p was smaller than would have been caused by a reduction in leaf area alone. Because root conductance is influenced by root morphology and growth (Lo Gullo et al. 1998 , Vercambre et al. 2002 , Trubat et al. 2012 , the decline in K r could have resulted from damage to the root system during fire (Swezy and Agee 1991) or reduced production of fine roots (Sayer and Haywood 2006 , Smirnova et al. 2008 , Alsina et al. 2011 . Lower K r in resprouts than in unburned stems could also be related to changes in nutrient availability (Hernández et al. 2009 ) and mycorrhizal colonization (Gonzalez-Dugo 2010), or compensatory responses to the reduced demand for water. Regardless of the cause, differential responses among species likely weakened the relationship between changes in leaf area and K L.p .
Our results suggest that the benefits of the post-fire increase in hydraulic efficiency should be greatest for large growth forms. Compared with small plants, large plants tend to produce resprouts that are larger in absolute terms, but smaller in relative terms (Figure 3, Grady and Hoffmann 2012) . In other words, it is a general pattern that large plants tend to require more time to recover their pre-burn size; within 3 to 4 months after fire, shrubs and trees recovered, on average, 43 and 19%, respectively, of their pre-burn leaf area. However, the magnitude of the post-fire reduction in leaf area and height, 410 Schafer et al. ) and Acer (c and d) in burned and unburned sites. Significant differences between unburned stems and resprouts are indicated by **P < 0.05, ***P < 0.005. and the consequences for hydraulic efficiency are likely dependent on the time after fire. Although we examined plants only in the first months after fire, the effects observed here are likely to persist for substantially longer. In our study system, where the fire return interval may be as short as 3 years, the size dependency of biomass recovery can persist for at least 3 years following fire (Grady and Hoffmann 2012) , so the benefit of an increase in K L.p may persist over all or most of the fire cycle. Note, however, that the enhancement of K L.p in large plants is not sufficient to fully compensate for the immediate negative effects of fire on leaf area and height, but rather should reduce the magnitude of these negative effects.
Not surprisingly, the relationships between plant size and the increase in K L.p were driven by the two largest tree species (Figure 4 ). The influence of these two species is likely not a spurious result because both Oxydendrum and Acer exhibited similarly higher K L.p in resprouts than in unburned stems in the second study year. These relationships suggest that size-dependent effects on post-fire water relations may be more important when considering different functional groups (e.g., trees vs shrubs) rather than species within a functional group.
An increase in K L.p should benefit plants through a corresponding increase in g s and/or Ψ leaf . In our study, higher hydraulic efficiency was manifested as higher g s , with little change in Ψ leaf (Figure 1 ), which is consistent with an isohydric response to the changes in plant hydraulics. Differences in Ψ leaf between burned and unburned plants, however, can vary seasonally (Ramirez et al. 2012) , and we found a significant interaction between sampling date and fire on Ψ leaf (see Table  S2 available as Supplementary Data at Tree Physiology Online), so our results might not be representative of sites with seasonally dry soils. Nevertheless, in the wet soils where this study occurred, an isohydric response should provide a greater advantage than an anisohydric response; plants are not likely to experience substantial risk of xylem cavitation, so little benefit would be gained by an increase in leaf water potential. An increase in stomatal conductance in resprouts, however, facilitates higher rates of photosynthesis (Kruger and Reich 1997 , Fleck et al. 1998 , Clemente et al. 2005 , Capogna et al. 2009 , Goorman et al. 2011 , which would be particularly beneficial during post-fire recovery when the leaf area is reduced and the demand for carbohydrates is high because of active growth (Castell et al. 1994 ) and replenishment of root carbohydrate Enhanced water relations of resprouts 411 Figure 3 . Relationships between unburned leaf area and resprout leaf area across all species (a), unburned height and resprout height across all species and woody species only (b), unburned leaf area and the percent reduction in leaf area {[(mean unburned leaf area − mean burned leaf area)/mean unburned leaf area] × 100%} across all species (c), and unburned height and the percent reduction in height {[(mean unburned height − mean burned height)/mean unburned height] × 100%} across all species and woody species only (d). Pre-and post-burn sizes were measured on different individuals.
reserves (Iwasa and Kubo 1997) . A high demand for photosynthate can cause an increase in stomatal conductance as a result of increased photosynthesis (Dosskey et al. 1991 , Erismann et al. 2008 , which likely contributed to the observed increase in stomatal conductance. Increased light availability (e.g., Heisler et al. 2004 ) and improved leaf nutrient status (Gilliam 1988, Schafer and Mack 2010) after fire would otherwise increase the tendency of photosynthesis to be limited by stomatal conductance. Therefore, the increase in g s made possible by increased hydraulic efficiency should enhance the ability of a plant to benefit from these other changes induced by fire.
Conclusions
We found that fire had a positive effect on K L.p , which was manifested as increased g s . Regardless of whether higher g s is an active response to photosynthate demand, higher K L.p allowed for higher g s without a corresponding drop in Ψ leaf . Large-statured species had greater increases in K L.p after fire, but this result was not completely explained by their lower percent recovery of pre-fire leaf area and height. The ability of resprouting species to achieve high K L.p and g s after fire may allow for high rates of photosynthesis, to support recovery of carbohydrate reserves and aboveground biomass, and high post-fire survival, leading to higher overall resprouting success (Moreira et al. 2012) . Improved post-fire water relations may be particularly important for large-statured species, which recover a lower proportion of their total size in the short-term after fire. Ultimately, the ability of resprouting species to maintain an adequate supply of water to leaves after fire may contribute to their persistence in fire-prone ecosystems.
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